D
espite routine vaccination of many cats, the advent of antiviral drugs with efficacy against feline herpesvirus type 1 (FHV-1), and the environmental instability of this virus, FHV-1 remains a common pathogen of cats throughout the world. 1 The most likely reason for this is the virus' ability to establish lifelong neural latency interspersed with episodes of viral reactivation. It is estimated that 80% of cats become latently infected following primary exposure to FHV-1. Of the latently infected cats, approximately 50% shed virus at some stage during their lives, and 29% do so without a recognized stimulus. 2 Many latently infected cats shed virus without clinical evidence of disease. This subpopulation of cats represents an epidemiologically critical reservoir of virus that ensures perpetuation of infection and disease in the general feline population. This is of particular relevance in breeding and boarding catteries, research colonies, animal shelters, and multicat households. Currently, no treatment has been identified that reduces FHV-1 shedding by latently infected cats.
The amino acid L-lysine has received attention for treatment of human beings latently infected with herpes simplex virus type 1 (HSV-1), another alphaherpesvirus with similar biological behavior to FHV-1. LLysine has been demonstrated to reduce the in vitro replication of HSV-1. The presumed mechanism is antagonism of the growth-promoting effect of arginine, which is an essential amino acid for HSV-1 replication. 3, 4 Results of clinical trials in humans suffering recurrent HSV-1-related lesions indicate that patients taking L-lysine orally experienced a reduction in lesion recurrence rate, severity, and healing time. However, in some of these trials, patients were required to limit their arginine intake. [5] [6] [7] Recently, we demonstrated that in vitro replication of FHV-1 is suppressed by approximately 80% when the L-lysine concentration in the culture medium is doubled. 8 This effect was negated at higher arginine concentrations suggesting a similar mechanism of arginine antagonism to that described for HSV-1. Because cats are exquisitely sensitive to arginine deficiency, 9 the practicality of oral lysine supplementation, with or without coincident arginine restriction for management of FHV-1 infections, requires careful investigation. Stiles et al 10 recently demonstrated the efficacy of oral administration of lysine to cats prior to primary exposure to FHV-1. Cats receiving 500 mg of L-lysine every 12 hours orally beginning 6 hours prior to experimental primary inoculation with FHV-1, had less severe conjunctivitis, compared with cats receiving placebo. However, viral shedding, as determined by virus isolation (VI), did not differ between groups. No ill effects attributable to lysine administration were observed. The study reported here was designed to examine the effect of orally administered L-lysine on clinical signs of FHV-1 infection and spontaneous and reactivated shedding of FHV-1 in latently infected cats.
Objective-To examine the effects of orally administered L-lysine on clinical signs of feline herpesvirus type 1 (FHV-1) infection and ocular shedding of FHV-1 in latently infected cats. Animals-14 young adult, FHV-1-naive cats. Procedure-Five months after primary conjunctival inoculation with FHV-1, cats were rehoused and assigned to receive 400 mg of L-lysine in food once daily for 30 days or food only. On day 15, all cats received methylprednisolone to induce viral reactivation. Clinical signs of infection were graded, and viral shedding was assessed by a polymerase chain reaction assay throughout our study. Peak and trough plasma amino acid concentrations were assessed on day 30. Results-Fewer cats and eyes were affected by conjunctivitis, and onset of clinical signs of infection was delayed on average by 7 days in cats receiving L-lysine, compared with cats in the control group; however, significant differences between groups were not demonstrated. Significantly fewer viral shedding episodes were identified in the treatment group cats, compared with the control group cats, after rehousing but not following corticosteroidinduced viral reactivation. Mean plasma L-lysine concentration was significantly increased at 3 hours but not at 24 hours after L-lysine administration. Plasma arginine concentration was not significantly altered. Cats were also observed for overt clinical signs of arginine deficiency, and plasma amino acid concentrations were assessed.
Conclusions and Clinical

Materials and Methods
Experimental designOur study comprised 3 major parts. Primary inoculation with the virus and an initial dose analysis were followed by an efficacy study (Fig 1) .
AnimalsAll cats involved in our study were maintained and handled in accordance with the Association for Research in Vision and Ophthalmology statement for the use of animals in ophthalmic and vision research, and all experimental procedures were approved by the University's Animal Care and Use Committee. Fourteen young adult, specificpathogen-free cats were verified to be FHV-1 seronegative by use of a standard serum neutralization assay 11 and were housed as a single group in 1 large room. All cats were provided ad libitum access to a commercial feline ration a that contained 1.80% arginine and 1.64% lysine. Following an initial 1-month acclimation period, each cat was inoculated in both conjunctival sacs with 7 X 10 4 plaque-forming units of a plaque-purified field strain of FHV-1. 12 All cats had clinical disease consistent with primary FHV-1 infection, recovered without treatment, and seroconverted with respect to FHV-1.
11 Although cats did not receive daily veterinary examinations, no overt clinical signs of FHV-1-related disease were seen in the ensuing 5 months.
Initial dose analysisApproximately 4 months after inoculation, a trial was conducted to determine the relationship between oral lysine dose and plasma lysine and arginine concentrations. These data were used to select the oral dose of lysine administered during the subsequent efficacy phase of our study. Six cats were selected at random from the main study group and administered a single oral dose of 100 mg (n = 2), 200 mg (2), or 400 mg (2) of L-lysine monohydrochloride b following a 14-hour period of withholding food. Blood was collected from an indwelling jugular catheter prior to (0 hours) and 1, 2, 3, and 5 hours following lysine administration. Because of obstruction of the jugular catheter, blood samples were available at 3 and 5 hours only from 1 cat administered 100 mg of L-lysine. Statistical analyses were therefore not conducted on data gathered from cats receiving 100 mg of L-lysine. Samples were collected into lithium heparin and placed immediately on ice until they were centrifuged at 15,000 X g for 5 minutes. Plasma was then separated, frozen, and shipped on dry ice to a commercial laboratory c for automated amino acid analysis. The following amino acids were assessed: alanine, arginine, asparagine, aspartate, glutamate, glutamine, glycine, histidine, isoleucine, leucine, lysine, methionine, ornithine, phenylalanine, proline, serine, taurine, 3-methylhistidine, threonine, tryptophan, tyrosine, and valine.
Efficacy studyApproximately 5 months following primary infection (1 month following initial dose analysis), 14 cats were randomly assigned to 1 of 2 treatment groups and individually caged. All cats were provided, ad libitum, access to the same commercial feline ration a used previously. Cats in the treatment group received 400 mg of L-lysine monohydrochloride orally once daily for 30 days. This dose was derived from data obtained in the initial dose analysis phase of our study. The dosing interval was selected on the basis of clinical utility and previous studies in humans. 5, 7 Lysine was administered as a powder mixed in a small amount of a canned commercial cat food.
d Cats in the control group received a similar volume of the canned cat food once daily for 30 days. All cats in both groups were observed to eat the food. At the halfway point of our study (day 15), all cats were injected IM with 20 mg (approximately 5 mg/kg) of methylprednisolone acetate e in an attempt to induce viral reactivation. 13 All cats were assessed by 1 observer (DJM) once daily throughout the efficacy study period for clinical evidence of FHV-1-associated disease. Clinical signs of infection were graded according to a semi-quantitative scoring system 14 with some modifications (Appendix). Clinical scores were summed to give a total disease score for each cat. Median total disease scores were then calculated for each group. The highest disease scores, regardless of the day on which they were noted, were summed to give a peak disease score for each cat, and median peak disease scores were calculated for each group. 15 Both eyes of all cats were topically anesthetized and the right and left inferior conjunctival fornices individually swabbed on a total of 20 days during the efficacy study period by use of cotton-tipped sterile swabs premoistened in PBS solution. Swabs were then broken off into sterile vials of PBS solution and stored at -80 o C until assessed for presence of viral DNA by use of a polymerase chain reaction (PCR) assay as described. 16 Briefly, vials containing swabs were thawed, vortexed, and cellular debris was pelleted by centrifugation at 14,000 X g for 5 minutes. The pellet was resuspended in 50 µL tris-hydrochloride-EDTA. A 25-µL aliquot was then subjected to 40 cycles of a PCR assay targeting a 322 base-pair fragment of the FHV-1 thymidine kinase gene. This protocol reliably detects ≤ 240 copies of FHV-1 DNA. 16 At the conclusion of the efficacy study, blood was collected from all cats by jugular venepuncture 3 and 24 hours following lysine administration. The 3-and 24-hour samples were intended to represent peak and trough plasma lysine concentrations, respectively, and were selected on the basis of data generated in the initial dose analysis. Samples were handled and submitted for automated plasma amino acid analysis as described in the initial dose analysis.
Data analysisIn the initial dose analysis, median plasma amino acid concentrations at each time point following administration of 200 or 400 mg of L-lysine were compared with baseline amino acid concentrations by use of the Friedman 2-way ANOVA. In the efficacy study, the number of cats with clinical signs of infection, and the number of eyes in which clinical signs of infection were observed, were compared between the treatment and placebo groups by use of the Fisher exact test. Median total and peak disease scores were compared between the treatment and placebo groups by use of the Mann-Whitney rank sum test. The total number of occasions on which FHV-1 DNA was detected in any eye and in any cat was calculated for each group. Total shedding episodes were then compared between the treatment and control 
Results
Initial dose analysisOral administration of a single dose of 100, 200, or 400 mg of L-lysine resulted in a dose-related increase in plasma lysine concentration (Fig 2) . Peak plasma lysine concentration was observed in each cat between 1 and 3 hours after L-lysine administration, regardless of dose. Following administration of 400 mg of lysine, median peak plasma lysine concentration (regardless of time of peak) approximately doubled (540 nmol/mL) and remained increased for approximately 3 hours, compared with baseline. By contrast, mean change in plasma arginine concentrations never exceeded 10% (14 nmol/mL), compared with baseline. Changes in plasma arginine concentrations were not significant (P = 0.11 to 0.31; data not shown).
Clinical signs of infection during efficacy studyNo cat in either group had clinical evidence of FHV-1-associated disease during the first 15 days of the efficacy study period. However, cats from both groups had clinical evidence of conjunctivitis following corticosteroid administration. One cat in the treatment group had evidence of bilateral conjunctivitis from day 12 through 15 following corticosteroid administration. Two cats in the control group developed bilateral conjunctivitis; 1 cat on days 2 and 8, and 1 cat on day 8 following corticosteroid administration. Clinical signs of nasal disease were not observed in cats from either group. Fewer cats (n = 1) and eyes (2) were affected by conjunctivitis, and onset of clinical signs was delayed on average by 7 days in cats receiving L-lysine, compared with cats in the control group; however, significant differences in clinical signs of infection were not found between groups as a result of the low numbers of affected cats. Median total disease score and median peak disease score did not differ between the 2 groups. Other than the conjunctivitis described, all cats in the treatment group remained healthy throughout the 30-day period of L-lysine supplementation and had no adverse clinical signs that could be attributed to lysine administration or arginine deficiency. Viral shedding during efficacy studyFeline herpesvirus DNA was detected in the conjunctival fornix of all but 2 cats (1 from each group) during the total study period. In cats with conjunctivitis, viral shedding was detected within 3 days of the day on which clinical signs of infection were observed. During the 15-day period prior to corticosteroid administration, viral DNA was detected in the conjunctival fornix of 5 cats (7 eyes) from the control group and 5 cats (6 eyes) from the treatment group. Significantly fewer (P = 0.024) FHV-1 DNA shedding episodes were detected in cats from the treatment group (n=6), compared with the control group (17; Fig 3) . Following corticosteroid administration, viral DNA was detected in the conjunctival fornix of 4 cats (4 eyes) from the control group and 3 cats (4 eyes) from the treatment group. This did not represent a significant increase in shedding following corticosteroid administration in either group. Although the total number of animal shedding episodes (number of positive cat days) in the treatment group (n = 9) was less than the control group (15) following corticosteroid administration, a significant difference was not found (P = 0.32) at the power (0.16) of this test.
Plasma amino acid concentrations during efficacy studyApproximately 3 hours following administration of L-lysine or placebo, mean plasma lysine concentration was significantly (P = 0.016) increased in the treatment group (309 nmol/mL), compared with the control group (143 nmol/mL; Fig 4) . However at the same time point, mean plasma arginine concentration did not vary significantly between the 2 groups (P = 0.37). Mean plasma concentrations of other amino acids assessed also did not significantly differ between cats in the treatment and control groups at this time point (data not shown). Twenty-four hours following administration of L-lysine or placebo, no significant difference in mean plasma arginine or lysine concentrations was detected between the treatment and control groups. Of all other amino acids tested at the 24-hour time point, only plasma serine concentration differed significantly between groups (data not shown). Mean plasma serine was significantly (P = 0.012) higher in cats receiving L-lysine (188 nmol/mL), compared with cats receiving placebo (145 nmol/mL).
Discussion
In our study, we used the ocular route of viral inoculation in FHV-1-naive cats, corticosteroidinduced reactivation, and monitoring by use of a PCR assay to investigate the effects of lysine on viral shedding from the conjunctival fornix. Following ocular inoculation with a field strain of FHV-1, all cats had clinical signs consistent with primary FHV-1 infection, recovered without treatment, and seroconverted. Subsequently, FHV-1 DNA was detected in the conjunctival fornix of 12 of 14 (86%) cats during a 30-day monitoring period. This suggests that these cats were latently infected. A previous study that used VI from the oropharynx over longer periods (3 to 22 months) provided a similar estimate of the prevalence with which latency is established (82%). 2 In our study, viral DNA was detected in the conjunctival fornix of all cats with conjunctivitis within 3 days of the time when clinical evidence of disease was first observed, confirming excellent correlation between this PCR assay and clinical evidence of FHV-1-related disease.
The initial 15-day period of our study was designed to provide data on spontaneous viral shedding. During that period, 83% of untreated cats shed virus. In previous studies, 2,13 spontaneous shedding was reported in 4 and 29% of cats. These studies both used VI to detect shedding. In part, the higher basal shedding rate detected in our study is likely the result of the greater sensitivity of the PCR assay, compared with VI. [16] [17] [18] Additionally, it is likely that, in retrospect, the initial 15 days in our study did not represent true spontaneous shedding because all cats underwent a change in housing from a single large group to individual cages immediately prior to this phase. Change in housing has previously been identified as a potent stimulus for viral shedding. 2, 19 Daily restraint and conjunctival swabbing was also initiated at this time and may have been associated with stress and subsequent viral reactivation.
Following corticosteroid administration, FHV-1 DNA was detected in 7 of 14 (50%) cats in our study. This was not significantly different from the proportion of cats shedding prior to corticosteroid administration. In a previous report 13 in which VI was used, FHV-1 was detected in 4 and 21% of cats prior to and following corticosteroid administration, respectively. In a separate study, 19 FHV was detected in 0 and 81% of cats prior to and following corticosteroid administration, respectively. These authors noted that prior episodes of shedding appeared to cause cats to be temporarily refractory to corticosteroid-induced reactivation. 19 The high rate of shedding during the initial 15-day period of our study, along with the apparent failure of corticosteroid administration to induce further viral shedding, reinforces the likelihood that viral reactivation caused by rehousing and additional handling had likely occurred in most cats prior to corticosteroid administration. Therefore, we believe the initial 15-day period in the our study represented a period of physiological or natural stress, and the second 15-day period represented a period of pharmacological reactivation of virus, potentially reduced in potency as a result of prior viral shedding. Both periods are clinically relevant and provide a useful model to investigate the effect of lysine on viral shedding.
Because FHV-1 is relatively unstable in the environment, latently infected cats represent the most epidemiologically important reservoir of virus. 20 Control of spontaneous and induced shedding in latently infected cats is therefore an important control strategy. In the initial 15-day period of our study, we demonstrated that once daily oral administration of 400 mg of lysine was associated with a reduction in viral shedding from the conjunctival fornix. This suggests that L-lysine limits viral shedding in cats placed under physiologic stress such as rehousing. Lysine administration, therefore, may be a useful clinical and epidemiologic strategy for control of viral shedding in situations such as shelters, catteries, research colonies, or multicat households where cats are exposed to similar stresses.
Orally administered L-lysine did not significantly reduce clinical signs of FHV-1-associated disease in latently infected cats before or following corticosteroid administration in our study. However, these data must be interpreted cautiously because so few cats had clinical evidence of disease at either stage of the experiment. Therefore, the power of statistical analyses was frequently lower than desired. In a similar study, 500 mg of lysine was orally administered twice daily to cats beginning 6 hours prior to experimental inoculation with FHV-1. 10 In that study, clinical signs of primary FHV-1-related conjunctivitis were significantly reduced in cats in the treatment group, compared with cats receiving placebo. There were many differences between experimental design of that study and our study. It is likely that the dose rate and interval, along with the timing of medication relative to infection and the fact that primary rather than recrudescent infection was examined in that study, produced different results to those of our study. It appears that peak plasma concentration occurs within 3 hours of oral administration of a single dose, and that even after once a day oral administration for 30 days, there is not an increase in plasma lysine concentration at 24 hours after administration. On the basis of data from that study and our study, administration of L-lysine more than once daily may be necessary.
The mechanism by which lysine restricts viral replication remains unclear. In vitro data generated with HSV-1 3,4 and FHV-1 8 suggest that lysine antagonizes a growth promoting effect exerted by arginine. Lysine-arginine antagonism has been demonstrated in many mammalian and avian species and at a number of points including sites of absorption, utilization, metabolism, and excretion. Specific sites and mechanisms include altered amino acid availability within the gastrointestinal tract, 21 competitive inhibition of amino acid transport across the wall of the small intestine 22, 23 or cell membranes at sites of utilization, 23 ,24 altered metabolism of 1 or both amino acids, 25, 26 and altered reabsorption at the renal tubules. 23, 27 Oral administration of lysine might therefore be expected to cause a reduction in plasma arginine concentration, which in cats could be clinically important. Although we did not measure renal or fecal excretion of arginine, plasma arginine concentrations were not affected, and clinical signs of arginine deficiency were not observed during once daily oral administration of 400 mg of L-lysine for 30 consecutive days. In a related study 10 in which cats received 500 mg of L-lysine orally for 21 days, plasma arginine concentration was similarly unaffected, and no clinical signs of arginine deficiency were observed. Clinical evidence in humans 7, 28 and experimental data in chickens 29 suggest that genetic variations in lysinearginine metabolism exist. This may contribute to the observation that some individuals are more vulnerable to viral infections than others and could be examined by studies of the effect of lysine supplementation in larger at-risk feline populations.
Results of our study suggest that once daily oral administration of 400 mg of L-lysine to cats latently infected with FHV-1 reduced viral shedding in the face of stresses, such as changes in housing or husbandry, that are known to induce viral reactivation. This dose caused a short-term, but significant, increase in plasma lysine concentration without altering other essential amino acid concentrations. Importantly, no significant alterations in plasma arginine concentration or clinical signs attributable to L-lysine administration or arginine deficiency were associated with oral lysine administration using this regimen. 
